We present an analysis of 2.5 years of weekly ozone soundings conducted at a new monitoring station in Paramaribo, Surinam (6"N,55"W). This is currently one of only three ozone sounding stations in the northern hemisphere (NH) tropics, and the only one in the equatorial Atlantic region. Paramaribo is part of the Southern Hemisphere 
hypotheses. The only prolonged ozone record in the NH equatorial region is that of Tropical Tropospheric Ozone Columns (TTOC) retrieved from the Total Ozone Mapping Spectrometer (TOMS) (McPeters and Labow, 1996) , obtained from cloud differential (CCD) and cloud slicing techniques (Ziemke et al., 1998; Chandra et al., 1998; Ziemke et al., 2000) , or by a ModifiedResidual (MR) technique (Fishman et al., 1990; Kim et al., 1996; Hudson and Thompson, 1998; Thompson et al., 2000) . These latter observations were shown to be consistent with sondes and in situ measurements in the SH (Thompson et al., 2003b) , but show remarkably high MR-TTOC in the NH eastern equatorial Atlantic. The following important questions are thus associated with the ozone observations in the NH equatorial region: (1) Is there a strong contrast between the NH Atlantic region and stations south of the equator and if so, what causes these contrasts? (2) Do satellite observations of TTOC with the MR-method capture the seasonality of ozone over the NH tropics accurately? These questions can only be answered through independent measurements from a station in the area.
In September 1999, an ozone sounding station was established in Paramaribo, Surinam (6"N, 55"W) . This station is currently the third measurement station in the northern hemisphere tropics with a regular (weekly) ozone sounding program, and the only one in the equatorial Atlantic region. In addition to the combined radio-and ozone sonde program, the station is equipped with a Brewer ozone spectrophotometer that continuously measures UV irradiances, ozone column values, and twice daily stratospheric (Umkehr) ozone profiles. The sonde record also includes measurements of wind, humidity, and temperature.
We present and analyze the ozone measurements from Paramaribo, attempting to answer the questions stated above. Our analysis therefore focuses on the seasonality of ozone in the troposphere, as influenced by transport and photo-chemistry in the NH equatorial area. After describing measurement procedures at Paramaribo and the data processing in this work (Section 2), we will briefly describe the geographical location of Paramaribo in relation to the position of the other SHADOZ stations, and to the ITCZ (Section 3). Using ozone and relative humidity data, Paramaribo will be contrasted with the SH stations Natal and Ascension during the unique short dry season (Section 4.1), while it will be shown that conditions during NH summer are very comparable to those observed over the SH Atlantic (Section 4.2). This includes the possibility of photo-chemical pollution from biomass burning. Integrated tropospheric ozone columns will be used to show that satellite retrieval of MR-TTOC is not optimal for station Paramaribo (Section 5 ) , and likely not for many locations in the NH tropics. The results are summarized and conclusions presented in Section 6.
Methods
Station Paramaribo uses Vaisala RS80-15 radio sondes with a Science Pump electrochemical concentration cell (ECC 6A) sensor for ozone measurements and a HumiCap humidity sensor (Komhyr, 1986) for moisture measurements. Location and wind speed are obtained from GPS navigation on the balloons. The ECC sensor is based on a reduction-oxidation reaction of ambient, ozone containing air with a 1 .O% buffered potassium-iodide (KI) solution at a platinum anode.
Simultaneous measurements with a Brewer spectrophotometer at the station show that the accuracy of sonde integrated total ozone is 2-5%. Operating procedures and instrument preparation is the same as in other tropical stations in the SHADOZ project, for which estimated precision of total ozone is 5% (Thompson et al., 2003a) , and tropospheric accuracy 2-3% (Johnson et 
Data preparation
In this work, data from the period September 1999 to January 2003 is used. Ozone sonde quality is based on criteria set by WMO (WMO, 1995) , and is calculated from a comparison of the integrated measured ozone profile to an independent measure for the total ozone column. At Paramaribo, this independent ozone column measurement is provided by direct sun observations from the station's 4 Brewer spectrophotometer. An ozone profile obtained from a successful Brewer umkehr observation, or from the ozone climatology of Fortuin and Kelder (1998) is appended to the measured profile above the burst level to obtain a complete ozone profile, that is subsequently integrated and compared to the independent value. The resulting correction factor is typically close to 1.0 for ECC sondes (Logan, 1985 (Logan, , 1994 . Sondes with a correction factor between 0.8 and 1.2 are accepted for the WMO database. Note that these correction factors are only calculated as diagnostic, and the data presented here is not ad.justed base on these correction factors.
Station Paramaribo has an excellent track record of correction factors, as 91% (122 out of 133) of the launches between September 1999 and March 2002 (the period for which correction factors were analyzed) meet the WMO criteria. Most of the sondes that did not meet the criteria suffered from a burst at altitudes far below the ozone maximum. This causes an underestimate of the stratospheric ozone abundance above the burst height, which is used to determine the correction factor. Since the tropospheric data from these profiles was often not affected, 9 of these 11 sondes were included in our analysis after visual inspection, yielding a total of 168 (131+37 after March 2002) sondes for the analysis. Launching of ozone sondes normally occurs at 13:OO UTC (08:OO LT), with a few early or late exceptions. Paul Fortuin: Can we get correction factors for March
2002-now easily??)
To facilitate the analysis, each profile was averaged to vertical bins of 0.25km. Standard deviations of the averaged ozone mixing ratios within these bins were within 10% of the mean for 92.5% of the points, indicating that the averages accurately represent their altitude bin. Near the tropopause, this criterion was not always met since the ozone gradients there can be large, even on a 0.25 km scale. Additionally, seasonal averages were constructed through averaging multiple gridded profiles within a calendar month. Logan (1999) determined that in the tropics, a minimum of 20 sondes is required to obtain a standard error (defined as a / a , with N the number of observations and o the square root of the sample variance) within 7.5% of the mean, with a 95% confidence interval. In our analysis, the number of soundings per month ranged from 11-19, and the calculated standard errors are only within 12% of the mean (with a 95% confidence interval).
This shows that the seasonal cycles presented here are significantly influenced by interannual, and inter-monthly variations, and should not be interpreted as long-term averages.
The calculation of the tropopause is based on the temperature lapse rate, using a definition similar to Craig (1965) . We defined the tropopause as the level between 9 and 19 km altitude where the temperature lapse rate first exceeds 2K/km, and the ozone mixing ratio does not exceed 150 ppbv. Due to the sharp temperature change near the tropical tropopause, this criterion was easily checked visually, and no data was rejected though this procedure. We also calculated the chemical tropopause, defined as the level where the ozone mixing ratio equals 100 ppbv. On average, the thermal tropopause was 0.71 km higher than the chemical tropopause, and the difference maximized during the dry season (August-November), when enhanced ozone mixing ratios in the upper troposphere lower the 100 ppbv level. For a further analysis of tropopause heights, structure, and variability we refer to J. l? E Fortuin, H. M . Kelder and C. R. Beckec Evidence of inertial unstable Jrow over Suriname during the South American monsoon period, manuscript in preparation, 2003.
Air mass origin
To discern the most probable origin of the air masses sampled over Paramaribo, trajectories were calculated for each time a balloon was launched. The trajectories were initialized at pressure levels 900,800,700,600,500,400,300,200, 150, and 100 hPa, and calculated backwards for five days using a trajectory model based on ECMWF analyzed wind data. Brief quality assessments of ECMWF based trajectories can be found in Pickering et al. (1996); Fuelberg et al. (1996) and Stohl and Koffi ( 1 998).
We recognize the limited applicability of single trajectories in the tropics, due to the strong vertical motions and the role of diabatic processes, especially in the wet season. Moreover, five day backward trajectories from Paramaribo usually originate from the Atlantic Ocean, which complicates attribution of specific ozone features to its sources and sinks. Therefore, we applied some additional modeling techniques, focusing on the possible role of biomass burning emissions on the measured profiles.
In Section 4.2, we use plumes of a modeled tracer to illustrate transport patterns during the long dry season. These plumes were calculated using a global three-dimensional transport model, described in Krol et al. (2001) . This model calculates transport of an idealized tracer by advection and convection using the same meteorological information from the ECMWF data that was used to 6 calculate the trajectories. The transport model employs a coarse geographical resolution of 9" x 6" (lonxlat) in the extra-tropics, a finer 3" x 2" resolution in the tropics, and finest 1" x 1" resolution over the northern part of South America. This is done following a new algorithm that allows on-line, two-way communication between the grids (e.g. two-way nesting). Thus, the detail of information on the finest grid is optimally exploited in the transport simulations. The idealized tracer has a lifetime of one week near the surface, and a lifetime that varies with altitude proportional to the abundance of water vapor. Thus, the lifetime of the tracer increases to four weeks when the water vapor abundance is four times smaller than at the surface. The tracer is released throughout the boundary layer at the time and location where large fires were observed with the Along Track Scanning Radiometer (ATSR) instrument (Arino and Melinotte, 1995) (world fire atlas http://sharkl .esrin.esa.it/ionia/FIRE/). In the ATSR algorithm, only nighttime observations in the 3.7 pin channel are used to detect hot spots with temperatures exceeding 600K (Arino and Melinotte, 1998) . The simulation is done for the period July 15th through August 30th, and starts with zero concentrations everywhere. This approach was chosen as a simple, qualitative alternative to trajectory calculations. Quantitative modeling of the Paramaribo profiles should be performed using a CTM with full chemistry, including a more detailed description of sources and sinks (Peters et al., 2002) .
Regional perspective
The most prominent feature determining the seasons in Surinam is the ITCZ. Studies of the ITCZ migration in the vicinity of Surinam have been carried out as part of the GATE experiment (Frank, 1983) , circulation and climate studies of South America (Hastenrath, 1966 (Hastenrath, , 1977 (Hastenrath, , 1997 (Hastenrath, ,2000 and our current measurement program (Fortuin et al., 2002) .
A first distinction that can be made, based on the position of the ITCZ, is between the wet and dry season. The dry season (August-November) corresponds roughly to the period when the ITCZ is located over the northern equatorial Atlantic (Hastenrath, 1997) , north of Paramaribo. The wet season (Dec-July) corresponds to the period when the ITCZ travels from this position southward and back, bringing it over Paramaribo twice. Convection and rain are abundant during the wet season, which can be viewed as a period with monsoon-like flow, by way of northeasterly inflow of air with the trade winds and southwesterly return flow at higher altitudes ( w 9-12km), which constitutes the northerly upper branch of the Hadley circulation.
During a short period in February and March, the ITCZ is at its southernmost position, and convection and precipitation over Paramaribo are suppressed by subsidence on the equatorward flank of the North Atlantic high (Hastenrath, 2000) . This period is called the short dry season, during which the station is part of the meteorological northern hemisphere. The short dry season divides the wet season in two parts, one in which the ITCZ approaches from the north (Dec-Jan) and one in which the ITCZ approaches from the south (April-July). This latter period lasts longer, and has more intense convection than the former because low level convergence and moisture advection are stronger toward NH spring, when the North Atlantic high intensifies (Snow, 1976) and the northeasterly trade winds are stronger to compensate the strong downward motions. The following long dry season is characterized by much higher ozone mixing ratios, especially in the middle and upper troposphere. This is very similar to the other SHADOZ stations, of which the tropospheric ozone seasonality is depicted in Figure 3 , suggesting that similar processes (subsidence, biomass burning, lightning NO,) influence ozone here. As hypothesized, the influence is smaller than at the SH stations, as absolute values of ozone are generally highest at Ascension, lowest at San Cristobal, and higher at Natal than at Paramaribo. For instance, peak values of ozone at Paramaribo never exceed 100 ppbv (averaged over 0.25km bins) below 8 km, and rarely below 13 km altitude, whereas this occurs frequently at both Natal and Ascension (Logan and Qrchhoff, 1986; Thompson et al., 2003a) . Generally, Paramaribo also receives much more rain fall during the long dry season ( 90mm) than Natal ( 40mm) indicating that the atmosphere is disturbed more frequently.
The short dry season that is obvious in the rainfall statistics of Figure 1 , is less prominent in ozone. Nevertheless, each year shows signs of a temporary return to higher ozone VMR's in the first part of the year, dividing the wet season period from December-July in two. The timing and intensity of the short dry season vary strongly though from one year to the next, and this period would not be identified easily from Figure 2a . However, a small effect of increased ozone mixing ratios in the middle free troposphere is visible in the seasonality plot of Figure 2b . In contrast to the same period in other stations in Figure 3 , the gradient of ozone increases throughout the free troposphere, without local maxima or minima. From a first glance at the seasonality of ozone at a NH Atlantic station, we can thus confirm that convective overturning in the ITCZ indeed introduces contrasts between NH and SH stations during the first half of the year, and that the processes that enhance ozone on the SH during the latter half of the year appear to affect Paramaribo as well. However, we cannot distinguish a 'strong contrast' (Section 1) with the SH stations, as the patterns in Figure 2b and Figure3 resemble each other quite closely. To see which processes cause the observed differences and similarities, we will analyze the sonde record in more detail for each season separately. Figure 4a ,b,c show vertical profiles of RH and ozone typical of wet season (N=13), short dry season (N=l l), and long dry season (N=19) conditions. These profiles belong to a selected month in each season (based on the rain fall in each year and the variability in the profiles) that was chosen to represent its respective seasons most accurately. Thus, sondes from the month of June were chosen to represent wet season conditions, from February to represent short dry season conditions, and sondes from September to represent long dry season conditions. By selecting the typical months, we are better able to illustrate differences between the seasons, while excluding the effects of early and late onset of the seasons from year-to-year. The average profile of all sondes for these months is shown as a bold line.
Wet and dry seasons
Looking at the RH profiles, convective moisture transport to the upper troposphere can be recognized during the wet season by values of RH exceeding 40% even at 10 km altitude. Subsidence during the short dry season dries the free troposphere above 3 km altitude, an effect that can also be seen during the long dry season although less strongly. While the latter was reported for much of the SH Atlantic region (Krishnamurti et al., 1993) , the former period of intense subsidence is unique to the NH Atlantic region and thus station Paramaribo at this time of year.
Although the ozone mixing ratios clearly minimize (< 40 ppbv below 12 km) during the wet season, the mixing ratios are still high compared to measurements from Pacific stations during convective conditions. For instance, Pacific SHADOZ stations San Crist6bal (see Figure 3c ) and Fiji often record ozone mixing ratios below 20 ppbv during the wet seasons, and integrated tropospheric ozone rarely exceeds 20 DU (Thompson et al., 2003a ). The VMRs found over Paramaribo are comparable to those at Natal (Figure 3a and (Thompson et al., 2003a) ) during the wet season.
This could be expected, because both are coastal stations and influenced by easterly surface winds bringing marine air from the Atlantic. Since this region shows higher ozone VMRs than found over the Pacific all year round (Fishman et al., 1990; Thompson et al., 2003a) , background values (1) The first feature is evident from trajectory origins and integrated ozone columns from the surface to 4 km. During the short dry season, trajectory origins at the levels 900-800-700-600 hPa levels (N=76) point to the northern Atlantic region around the Cape Verde islands (16N, 24W).
This region was the focus of the 1983 GATE experiment (Frank, 1983) , and has been traversed by ships, i.e. the RN Polarstern in 1993 (Weller et al., 1996) and the RN Ronald H. Brown in March 1999 (Thompson et al., 2000) . Based on ozone measurements from the ships, the area between 14N-30N was characterized as a region influenced by NH mid-latitude air of mixed stratospheretroposphere origins, while the area between the equator and 14N was more tropical in nature and contained many peaks of ozone (> 60 ppbv) in the lower 5km (Figure 1 , in Thompson et al. (2000) ).
For trajectories to Paramaribo that originated from this region (68 out of 76), the integrated column ozone abundances in the lower 4 km over Paramaribo are 10.4 f 2.1 DU. If we take all trajectories traversing that same region during other seasons (when this region is separated from the NH mid-latitudes by the ITCZ), the integrated column ozone amounts to only 7.9 f 1.7 DU. In total, 13 out of 17 sondes during the short dry season have ozone column abundances in the lower 4 km that exceed the average non-short dry season column abundance by more than one-sigma. The most obvious reason for the similarity between Paramaribo, Natal and Ascension during the latter half of the year is the fact that all three stations are then part of the southern meteorological hemisphere, and not separated from each other by the ITCZ, which lies well north of Paramaribo.
Thus, the same processes (biomass burning, lightning, subsidence) that cause ozone to increase over much of the SH Atlantic basin (Fishman et al., 1990) , as well as Ascension (Thompson et al., 2003a) and Natal on the Brazilian coast (Logan and Kirchhoff, 1986) , are likely to affect Paramaribo as well. The influence of subsidence during this period was already seen in Figure 4 , the influences of biomass burning and lightning depend strongly on transport patterns in the area. 5 and 10 km. Such enhancements require an average net ozone production ratio of -3-5 ppbv/day during the 10-day transport from the biomass burning source. This is within the range of estimates from TRACE-A Jacob, 1996; Mauzerall et al., 1998) , as well as from modeling studies (Roelofs et al., 1997; Moxim and Levy, 2000) . In the days before August 9th, 13 enhanced ozone was also seen over the equatorial Atlantic in the EP-TOMS TTOC observations and at station Ascension (51 DU at August 4th). These features support the possibility that aged biomass burning effluents from Africa enhanced ozone VMRs over Paramaribo on August 9th. No sondes were released from Natal in this period.
Biomass burning also occurs in South America during the dry season, possibly influencing our sonde record. Figure 8 shows an example of a case where this is likely to have occurred. In the days before August 30th, 2000, three day averaged wind fields at 400 hPa show transport of air around an upper tropospheric ridge (SH anti-cyclone), which advects air from the Pacific Ocean and Central Brazil to station Paramaribo. The location of fires (ATSR) over Brazil is again indicated by black dots. When we release a tracer from these fires, convection lofts it to the 400 hPa level, where ozone VMRs of -60 ppbv were sampled between 7-12 km at August 30th. The pattern of the tracer shows the advection to our site. As would be expected from the simulation, the measured profile at Natal is not affected (although sampled at August 31st), with only 17 DU of tropospheric ozone.
The situation in Figure 7 occurs most frequently during the long dry season, as the flow pattern shown closely resembles the monthly averaged winds. Therefore, the amount, frequency, and timing of ozone pollution events at Paramaribo depend mostly on the occurrence and intensity of fires over Africa, lofting of the plumes to the free troposphere by convection, and subsequent transport in the tropical easterlies. In contrast, the situation in Figure 8 is much less frequent, and is associated with anomalous southeasterly winds in the free troposphere. Note that the direction of transport (from Africa, westward to South America) is opposite to that of the 'global plume' (Chatfield et al., 2002) , which pollutes the Southern Hemisphere (sub)tropics through easterly transport of biomass burning emissions.
As a final check on the similarity between Paramaribo and the SHADOZ stations in the SH during the long dry season, we have placed the September-October-November (SON) data from station Paramaribo into the zonal wave structure deduced in (Thompson et al., 2003b) . This zonal wave structure in tropospheric ozone shows a gradient in VMRs with highest values over the Central Atlantic (Ascension, 14"W), decreasing westwards toward Natal (35"W) and San Crist6bal In conclusion, station Paramaribo generally falls within the relatively ozone-rich Atlantic region where the maxima in the zonal wave one pattern occur. Owing to its more remote location relative to the South Atlantic ozone maximum, and the fact that the lower troposphere is always influenced by maritime air masses, ozone VMRs are lower than at Natal, and fresh (< 2 days old) biomass burning pollution is rarely encountered. The fact that the station's position relative to the ITCZ is different from the SHADOZ stations in the southern hemisphere introduces minor differences during the latter half of the year, but large differences during February-March when Paramaribo is north of the ITCZ.
Column Integrated ozone
In Figure 9 TTOC by up to 10 DU from June-September. Moreover, the seasonality of MR-TTOC displays one minimum during the first half of the year, and one maximum during the second half of the year, where the Paramaribo sonde record has two TTOC maxima.
We have traced back the cause in this discrepancy to one very important parameter used in the MR-method, which is the thickness of the tropospheric ozone column at the dateline: flET( 180"W).
By lack of suitable data, this background value was assumed to be constant with latitude in the MR-method. This assumption allows the MR-method to separate the TOMS total column ozone observations into a tropospheric and a stratospheric component at each tropical latitude. The different steps and assumptions in this process are described in detail in (Hudson and Thompson, 1998) and , here we will show that specifically this assumption introduces discrepancies, which can be improved using the Paramaribo ozone sondes.
Since there are no direct measurements of s 2~~p ( 1 8 The contrasting seasonalities of integrated ozone at either side of the equator around the dateline are introduced by the migration of the ITCZ. In the first months of the year, the ITCZ is in a southerly position, reducing convection at the NH side of the equator, and also allowing relative ozone rich air from more northerly latitudes to influence the region, and increase TTOC. Likewise, the ITCZ takes a more northerly position from July-October, with similar effects on the SH side of the equator. Correcting CIEzp( 1 SOOW) for this effect should be relatively straightforward, and we have shown that this can be done using ozone sondes from Paramaribo. Also, chemistry-transport model calculations that reproduce TTOC at remote tropical locations well (Peters et al., 2002) confirm this opposite seasonality. In this respect, we should also mention that new TOMS TTOC algorithms, currently under development, are no longer constrained by southern hemisphere ozone seasonality and are not expected to show the bias explained here.
However, based on our results, it is highly likely that every location on the NH in the existing 1979-1992 MR-TTOC dataset has a bias toward SH ozone values. This bias is expected to increase with distance from the equator, where seasonal cycles become stronger. It would be interesting to better quantify this bias with more observations, but there are no other distinctly NH stations available for this. Nevertheless, our results suggest that station Paramaribo can be used to improve the seasonality of MR-TTOC over the NH, which highlights again the importance of this new station.
Conclusions and Summary
The ozone measurements over Paramaribo are largely controlled by meteorological variability, which is strongly linked to the annual migration of the ITCZ. As expected, ozone and relative humidity vary on a semi-annual time scale due to the passage of the ITCZ in May and December.
Although the seasonality of ozone at Paramaribo resembles that at SH stations Natal and Ascension, the existence of the short dry season (Feb-March) distinguishes it from all SH stations in the SHADOZ network.
In February and March, the station is part of the northern meteorological hemisphere, and relatively polluted air from the NH Atlantic region and even from NH mid-latitudes is transported into the lower 4 km of the atmosphere. Moreover, downward transport of ozone rich-air occurs on the equatorward side of the North Atlantic high, which contributes to high ozone VMRs in the middle troposphere during the short dry season.
In the latter half of the year, Paramaribo is typically a SH Atlantic station, and fits well in the zonal wave one structure of tropospheric ozone that displays its strongest maxima in SeptemberOctober-November. Besides downward transport of dry, ozone-rich air, we have shown that transport of biomass burning products from Africa is a plausible source of ozone in the free troposphere in this latter period. In contrast, transport of biomass burning products from South American sources is less likely to occur given the prevailing winds. Some weather situations can neverthe- We have shown that satellite observed tropospheric ozone columns (MR-TTOC) do not reproduce the observed seasonality at Paramaribo correctly. Underestimates occur during the first months of the year, and overestimates during the second half. Analysis suggests that this is due to an assumption on background ozone over the Pacific (1 80"W) in the MR-method. By lack of suitable data, this background value was derived using SH ozone sondes. The Paramaribo data and chemistry-transport model results suggest that the seasonality of this background value reverses for the NH, and that data from station Paramaribo can be used to improve the MR-retrieval algorithm.
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